1987). The chloroplast restriction patterns for smooth bromegrass, meadow bromegrass, and pumpelly brome-
. Cultivated meadow bromegrass is de-(2n ϭ 10x ϭ 70), 11.74 pg 2C Ϫ1 for tetraploid B. inermis (2n ϭ 4x ϭ caploid with a chromosome number of 2n ϭ 10x ϭ 70 28), 22.28 pg 2C Ϫ1 for octaploid B. inermis (2n ϭ 8x ϭ 56), 22.72 pg (Knowles et al., 1993) . Meadow bromegrass (2n ϭ 70) 2C Ϫ1 for octaploid B. inermis ssp. pumpellianus (2n ϭ 8x ϭ 56), 26.5 probably contains the same basic genomes as smooth pg 2C Ϫ1 for decaploid B. inermis ssp. pumpellianus (2n ϭ 10x ϭ 70), bromegrass (2n ϭ 56) plus a third additional genome 6.14 pg 2C Ϫ1 for diploid B. riparius (2n ϭ 2x ϭ 14), 22.15 pg 2C Ϫ1 (Schultz-Schaeffer, 1960) . method is laborious and often difficult with species pumpellianus accessions were octaploid (93.75%), while the majority which have small chromosomes and high ploidy levels of the B. riparius and B. biebersteinii were decaploid (92.30%). The B. inermis and related species in the USDA NPGS were collected and can lead to misclassified germplasm (Brummer et primarily from areas in the former USSR. The NPGS bromegrass al., 1999) . All chromosomes are located in the cell nugermplasm could be enhanced by collections from western and central cleus of plants enabling nuclear DNA content to be used Europe, the Middle East, and China. as an estimate of ploidy level. Nuclear DNA content in plants was previously determined by feulgen microspectrophotometry of root tip or shoot tip mitotic cells (Ben-T he genus Bromus L. contains more than 100 species nett and Smith, 1976) . In recent years, flow cytometry distributed over all continents (Gould and Shaw, has become the preferred technique for estimating the 1983). Smooth bromegrass (B. inermis Leyss.) and nuclear DNA content because of its ease, quickness, and meadow bromegrass (B. riparius Rehm.) are the two accuracy (Rayburn et al., 1989; Heslop-Harrison, 1995) . most widely used species of the Bromus genus in North Arumuganathan and Earle (1991a) determined nuAmerica. The species name B. biebersteinii Roem. and clear DNA contents of more than 100 major crop plant Schultz has been incorrectly applied to meadow bromespecies using flow cytometry. Vogel et al. (1999) used grasses in North America until recently (Vogel et al., flow cytometry to determine the base DNA content of 1996). Smooth bromegrass and pumpelly brome [B. in- the genomes in the perennial Triticeae. Flow cytometry ermis spp. pumpellianus (Scribn.) Wagnon.] are closely also has been used to determine the ploidy level of related since they are completely interfertile and have switchgrass (Panicum virgatum L.) (Hultquist et al., regular chromosome pairing at meiosis (Armstrong, 1997; Lu et al., 1998) , alfalfa (Medicago sativa L.) (Brummer et al., 1999) ; and 13 turfgrass species (Arumuganathan et al., 1999) . cells is expressed in picograms (pg) as a "C" value.
of Trakya, Tekirdag, Turkey; K.P. Vogel, USDA-ARS, Wheat, Sor- (Bennett and Smith, 1976 of the conversion factor of 1 pg ϭ 980 Mbp (Bennett The procedures described by Arumuganathan and Earle et al., 2000) . Bennett and Smith (1976) (Vogel and Pedersen, 1993) . collected by CellQuest software (Becton Dickinson Immunotaining 0.05% colchicine. Colchicine was replaced with ethacytometry system, San Jose, CA). A live gate instrument connol:glacial acetic acid (3:1, v/v) after 3 h. For mitotic analysis, figuration was used by employing the FL2-2 and FSC parameroot tips were stained with 1% acetocarmine for 1 to 3 h and ters which allowed the fluorescence measurement from nuclei squashed in a drop of acetic acid. Cells were observed under to be used to generate a histogram of FL2-A. Mean position a light microscope to determine the chromosome number. of G0/G1 (nuclei) peak of sample and internal standard were Approximately 10 cells at metaphase I from a minimum of determined by analyzing the data by CellQuest software. The three plants from each accession selected for chromosome mean DNA content per plant was based on the 1000 scanned number analyses were observed to determine the chromosome nuclei. The formula used for converting florescence values to number. We were not able to count chromosome numbers of DNA content was: Nuclear DNA content ϭ (mean position the decaploid B. inermis ssp. pumpellianus accessions since of unknown peak)/(mean position of known) ϫ DNA content root tips with dividing cells were not found. of known standard.
Ten seedlings were analyzed for DNA content per accession. One seedling per accession was analyzed twice (subsam- chromosome spreads which allowed us to make more After DNA levels were determined, one to six representaaccurate chromosome counts (Fig. 1, 2, 3, 4) . All diploid tive accessions (Table 1) with different DNA levels were seplants had 14 chromosomes and no aneuploids were lected for each species and used for chromosome counting.
RESULTS AND DISCUSSION
observed in the diploid accession. Only two aneuploid Cytological investigations were done on root tips. For this purpose, the terminal 1 cm of the end of fresh roots was plants were observed among all tetraploid accessions excised from plants growing in pots and placed in a vial con- that were studied cytologically. PI 315385 had a plant with 27 chromosomes and PI 440203 had a plant with 29 chromosomes. More potential aneuploid plants as determined by DNA content (see below) were detected in species with higher ploidy levels but accurate chromosome number counts were not attempted. Sigurbjornsson et al. (1958) and Schertz and Murphy (1958) have demonstrated that aneuploids frequently occur in the octaploid B. inermis L. Bromegrass accessions were grouped into four ploidy levels based on their DNA content (Table 1 ). The average DNA content (2C) for diploids (2n ϭ 14) and tetraploids (2n ϭ 28) were 6.14 and 11.74 pg, respectively, while the octaploids (2n ϭ 56) and the decaploids (2n ϭ 70) had 22.31 and 26.53 pg 2C
Ϫ1
, respectively. Accessions for which the standard deviation (SD) for the 10 analyzed plants was greater than 1 pg, had plants that differed in ploidy as determined by DNA content or had plants with DNA contents which were intermediate to the mean DNA contents for specific ploidy levels of that species. The plants with DNA contents intermediate between two ploidy levels were classified as potential aneuploids. Therefore, accessions with SD values greater than 1 were treated as mixtures; i.e., they contained plants differing in ploidy or contained some aneuploid plants.
Most B. inermis (94.3%) and B. inermis ssp. pumpellianus (77.7%) accessions had a DNA content that indicated they were octaploids while the majority of the DNA content that indicated they were decaploids (Tables 1 and 2). Hexaploid chromosome numbers (2n ϭ 42) have been reported for B. inermis (Stahlin, 1929;  22.72 pg for B. inermis ssp. pumpellianus, and 22.28 for B. inermis. The average DNA content of the four Knobloch, 1943; Darlington and Janaki-Ammai, 1945) . However, in this study, the DNA content measurement octaploid bromegrass species supports previous research which suggests that these octaploid species have of more than 255 B. inermis accessions, no plants with theoretical hexaploid DNA content were identified. a similar genomic structure and have very close genomic relationships (Pilay and Hilu, 1990; Vogel et al., 1996) . This indicates that, at least in the current germplasm collection, hexaploids occur at a low frequency, if at all.
Average DNA content of the decaploids was 26. remainder of the tetraploid accessions were mainly from † Accessions containing aneuploid plants or mixed ploidy level.
China and Kazakhstan. Smooth bromegrass and meadow bromegrass are of Eurasian origin and the geographic regions from which diploid and tetraploid bromegrasses with previous reports which suggest that decaploid were collected is in the eastern range of the bromebromegrasses share some genomes with octaploid bromegrasses. Thus, additional collections of diploid and tetragrasses plus have an additional genome (Schults-Schafploid species of B. inermis and related species are needed fer, 1960). from other areas of Eurasia which are currently poorly Bennett and Smith (1976) reported the DNA content represented in the collection. of B. inermis as 23.6 pg 2C Ϫ1 using Feulgen microdensiBromus inermis accessions in USDA NPGS were coltormetry with Secale cereale L. cv. Petkus Spring as the lected mainly from the former USSR and the USA. standard. The difference between their value and the Accessions from the USA and Canada are cultivars and value in this report is probably due to procedural difgermplasms developed from introductions. Therefore, ferences.
the USDA bromegrass collection does not represent all The only designated genomes in the genus Bromus of the geographic regions where the smooth and meadow are A and B (Armstrong, 1991) . On the basis of previous bromegrass occurs naturally. Additional collections are cytogenetic studies tetraploid B. inermis has the genoneeded from Europe, the Middle East, and China to mic composition of AABB while the octaploid form has increase the diversity of bromegrasses in the USDA col-AAAABBBB (Hill and Carnahan, 1957; Armstrong, lection. 1973 Armstrong, lection. , 1979 Armstrong, lection. , 1982 Armstrong, lection. , 1991 . The A and B genomes are
The percentage of accessions of the other three rebelieved to be closely related (Armstrong, 1979) . The lated species (B. biebersteinii, B. inermis ssp. pumpelliamean DNA content of the tetraploid and octaploid nus, and B. riparius) within the bromegrass collection forms of B. inermis accessions support these cytogenetic is very low and represent only a few geographic regions. findings because octaploids had almost twice the DNA Therefore, USDA bromegrass germplasm could be encontent of the tetraploids. DNA content of the tetrahanced by collections from western and central Europe, ploid, octaploid and decaploid accessions is approxithe Middle East, and China to provide breeders with a mately 2, 4 and 5 times larger, respectively, than the larger diversity of germplasm for use in breeding pro-DNA content of plants of the diploid (2n ϭ 14) B. rigrams. parius accession, PI 440215.
The expected DNA content in octaploids was twice The chromosome numbers of the accessions evalu-
